Hua: Identifying the source of pollutants in Malacca River using GIS approach -571 - Abstract. The study was conducted to determine the dominant source of pollutants in Malacca River using the combined methods of water sampling and GIS approach. The study was conducted in 9 sampling stations based on Malacca River sub-basins. The result of WQI indicated that station 4 and 5 are polluted; station 8 and 9 are clean; and other stations are slightly polluted. PCA identified several pollutant sources, namely agricultural, residential, industrial, animal husbandry activities, as well as sewage treatment plants. Applied GIS technique detected several areas as hotspots pollutants sources, namely agricultural activities in station 5; residential activities in station 1, 2, 5, 6, and 7; industrial activities in station 3, 4, 5, and 7; animal husbandry in station 5 and some scatterings in station 1 to 4; as well as sewage treatment plant in moderate hotspot area between station 5 and 6, respectively. Besides the recommendation to reduce the river water pollution through the control of pollutants source, this study provides crucial information for the identification of problematic areas and spatial database of Malacca River for better understanding and management of river water quality in the future, as well as a reference for future land use and urban design development purposes.
Introduction
River water pollution has received great attention in recent years and continues to receive serious concern throughout the world. Water quality deterioration is primarily connected to the subject of population growth and city expansion. This is a threatening factor to human and ecological health, drinking water availability, and furthermore to the economic development (Houser and Richardson, 2015; Morse and Wolheim, 2014; Li and Zhang, 2010) . According to Iscen et al. (2008) , surface water is easily exposed to pollution due to its -accessibility to wastewater disposal. Water quality impairment resulted from anthropogenic inputs (e.g. municipal and industrial wastewater discharges, agricultural runoff) and natural processes such as chemical weathering and soil erosion (Shin et al., 2013; Singh et al., 2011; Iscen et al., 2008) , contributed to the input of non-point and point source pollutants of the river (Iscen et al., 2008) . Therefore, water quality assessment with geographic information system (GIS) is an important tool in identifying possible pollutant sources with the aim to prevent and control water pollution; which is crucial for sustainable water resource use with respect to ecosystem health and social development (Iscen et al., 2008; Shrestha and Kazama, 2007; Zhang, 2006) .
Malaysia as an ongoing developing country in South East Asia is facing major water quality problems (DOE, 2012) . Human activities that generate economic benefit for the society has indirectly deteriorate the water quality of the river (Muyibi et al., 2008) . Several studies focused on the assessment of water quality indicated that unsustainable development could result in environmental damage to surrounding areas, as well as to the biodiversity of benthic macroinvertebrates (Al-Shami et al., 2010). Specifically, Kampung Pulau sub-basin, Kampung Sungai Petai sub-basin, Kampung Tamah Merah sub-basin, and Kampung Tualang sub-basin ( Figure 1 ). Among the 13 sub-basins, only 7 sub-basins were selected, with 9 sampling stations located alongside Malacca River. Malacca River flows across Alor Gajah to the Malacca Central district before entering into the Straits of Malacca. Alongside Malacca River, there is a reservoir located between Alor Gajah and Malacca Central, namely Durian Tunggal Reservoir, with a catchment area of approximately 20 km 2 that act as a source of water supply for Malacca residents. The built-up area is mainly concentrated in the city center, Malacca Central, at a downstream area extending about 10 km to the west, 10 km to the east, and 20 km to the north. The urban land uses are primarily residential and commercial, while several industrial activities including high-technology and estates are located in the middle-stream and upstream areas. Most of the large-scale agricultural activities land use are located upstream.
Field Sampling
There were 9 sampling stations chosen alongside Malacca River. The locations were determined using a Global Positioning System (GPS) coordinates as shown in Table 1 and the geographic coverage is as shown in Figure 1 . The collection of water quality samples were carried out monthly from January to December 2015. The water samples were collected using 'grab sampling' technique in the polyethylene bottles without entrapping the air bubbles. Each bottle was labelled with the corresponding sampling station and kept at 4°C to minimize microbial activity in the water (APHA, 2005). The water samples were analyzed for physico-chemical parameters (i.e. pH, temperature, electrical conductivity (EC), salinity, turbidity, total suspended solid (TSS), dissolved solids (DS), dissolved oxygen (DO), biological oxygen demand (BOD), chemical oxygen demand (COD), and ammoniacal-nitrogen (NH 3 -N), trace metals (i.e. mercury, cadmium, chromium, arsenic, zinc, lead and iron)) and biological parameters (i.e. Escherichia coliform and total coliform). Since water sample containing colloidal or suspended particulate material could interfere with the metal analysis, the samples were immediately filtered using 0.45 µm cellulose acetate membrane filter (Whatman Milipores, Clifton, NJ) at the laboratory. The purpose of this procedure was to prevent the occurrence of clogging during analysis with spectrometry instruments and to obtain the dissolved ions for metal analysis (APHA, 2005) . Then, the samples were acidified with HNO 3 to pH<2 in order to prevent precipitation of the components for trace metal analysis and to retard any biological activities (APHA, 2005 
Water Quality Analysis
The water samples were analyzed according to the procedure of APHA (2005), meaning that pH, turbidity, EC, TDS, salinity, and DO were measured on-site. SevenGo Duo pro probe (Mettler Toledo AG) was used for the measurement of pH values, while turbidity was tested using the Handled Turbidimeter Hach 2100. Orion Star Series Portable Meter was used to measure temperature, EC, DS, salinity, and DO. Meanwhile, NH3N was analyzed using a spectrophotometer at a specific wavelength using Hach Method 8038, COD was measured using APHA 5220B open reflux technique; BOD was measured using APHA 5210B (or Hach Method 8043); and TSS was measured using the APHA 2540D method. Both E-coli and total coliform were analyzed using Membrane Filtration method based on APHA 9221B, and trace metals were analyzed using inductive coupled plasma-mass spectrometry (ICP-MS, ELAN DRC-e 6100, Perkin Elmer). For quality assurance and quality control purposes, laboratory apparatus and polyethylene bottles were washed using 5% (v/v) of nitric acid and soaked overnight to remove contaminants and traces of cleaning reagent before the collection of water samples or conducting laboratory analysis.
Each sample was analyzed in triplicate before calculating the mean value, and standard deviation (SD) of less than 20% was used as an indicator of precision for each measured parameter. All the probe meters and instruments used were calibrated prior to analysis. In all cases, the standards and blank were treated in the same way as the representative river water samples to minimize matrix interference during analysis. The recovery of samples for all target elements fell within the standard requirements (90-110%).
Data Analysis
River water quality data were analyzed using Microsoft Excel and Statistical Package for Social Sciences version 19 (SPSS 19) for descriptive analysis, water quality index (WQI) and principal component analysis (PCA); to identify the water status and pollution source between elements of origin parameters, while ArcGIS version 9.3 was used to determine the dominant source of pollutants through spatial pattern analysis.
Water Quality Index (WQI)
Healthy river should have good water quality to assist with the survival of aquatic animals. The river health level is measured using WQI, which based on several parameters that need to be assessed and monitored. Different country uses different parameter to determine the WQI, whereas the Department of Environment (DOE) Malaysia using DO, BOD, COD, NH 3 N, SS, and pH in determining the WQI. Generally, DO is use to measure the amount of oxygen available in water (Juahir et where WQI is water quality index; SI DO is sub-index of DO; SI BOD is sub-index of BOD; SI COD is sub-index of COD; SI AN is sub-index of NH 3 N; SI SS is sub-index of SS; SI pH is sub-index of pH. Meanwhile, the sub-indexes (SIs) formulation is as followed (Eq.2-7); Best-fit equations for DO sub-index:
Best-fit equations for BOD sub-index:
Best-fit equations for COD sub-index:
Best-fit equations for AN sub-index:
(Eq.5)
Best-fit equations for SS sub-index:
Best-fit equations for pH sub-index: 
Principal Component Analysis (PCA)
Principal component analysis was designed to convert a large dataset of original correlated variables into a smaller set of new and uncorrelated variables (i.e. principal components). The data reduction process would provide the most meaningful parameter information that can describe a whole data set with minimum loss of original information (Iscen et al., 2008) . The principal components are weighted linear combinations of original variables, with the first principal component representing the largest variability of the original data set, and the second component representing the next largest variance that is orthogonal to the first component (Deb et al., 2008) . In other words, PCA can be explained as follows:
Where z is the component score, a is the component loading, x is the measured value of the variable, i is the component number, j is the sample number, and m is the total number of variables. As stated above, the general procedures used in PCA are (1) the hypothesis in an original data group is then reduced to dominant components or factors (source of variation) that influence the observed data variance; and (2) the whole data set is extracted through eigenvalues and eigenvectors from the square matrix produced by multiplying the data matrix (Aris et al., 2013) . In other words, the PCA will undergo varimax rotation to produce the principal components (PCs) before determining the eigenvalue. The eigenvalues of more than 1 are considered significant (Kim and Mueller, 1987) to measure a new group of variables, namely Varimax Factor (VFs). The VFs coefficients that recorded a correlation of greater than 0.75 are considered as 'strong', 0.75 to 0.50 as 'moderate' and 0.50 to 0.30 as 'weak' significant factor (Liu et al., 2006) . However, only factor loadings above 0.6 were taken into account for this study. 20 parameter variables will undergo PCA to determine the source of pollutants before hotspot analysis for the dominant source of pollutants in Malacca River.
Spatial Pattern Clustering Through Hotspot Analysis
Hotspot analysis can be clustered (spatial clusters) or individual (spatial outliers). In this study, spatial cluster of pollution would be water quality with a high value of parameter surrounded by a high value of pollutant sources. Meanwhile, spatial outliers of pollution include water quality with a high value of parameter surrounded by a normal or low value of pollutants source. The concept of hotspot can be expressed as:
where x i is the value at location i, x j is the value at location j if j is within d of i, and w ij (d) is the spatial weight based on the weighted distance (e.g. inverse distance) (Getis and Ord, 1992 (Figure 2) .
Figure 2. The relationship of a location and its neighborhood; (a) and (b) are hotspot, (c) and (d) are cold spot

Results and Discussion
Determination of Water Quality Status and WQI in the Malacca River
Water quality data of Malacca River (i.e. physico-chemical, biological, and trace element data) in comparison with the National Water Quality Standards (NWQS) ( Table  3 (i) and (ii) is as shown in Table 4 . Based on Table 4 , the result indicated that trace elements, together with pH and temperature, remained as class 1 in all sampling stations. Meanwhile, salinity in station 1 to 3 and station 7, together with turbidity in station 3, 8, and 9, was found to be in class 5. Only station 1 and 5 are in class 3 for turbidity, while other stations remained in class 2 and class 1 in terms of turbidity and salinity, respectively. Station 1 and 7 were found to be in class 5, station 2 and 3 to be in class 3, and station 4 to 6 were in class 1 for electrical conductivity and dissolved solids. However, only station 8 and 9 were in class 2 for electrical conductivity, while station 8 was within class 3 and station 9 was in class 1 for dissolved solids. For total suspended solids, most of the stations were classified as class 3, except for station 4, which was in class 4. BOD, COD, DO and NH 3 Table 2) , majority of NH 3 N and BOD parameters were in class 3, 4 or 5. Meanwhile, COD parameter from station 2 to 7 were in class 3, and others were in class 2. Both DO and TSS parameter showed that only several stations were in class 3. WQI trends showed that the water quality in Malacca River were declining from station 1 to station 7, which show that only station 4 and station 5 were polluted (class 4) while other stations were slightly polluted (class 3). Apart from that, station 8 and station 9 were still in clean condition, which is in class 2. Therefore, it can be said that all parameters value is affected (either decrease or increase) from the origins. These pollutants which came from human activities could cause problematical issues to the aquatic life in Malacca River. 
Identification of the Source of Pollutants
Based on the results of water quality status, it was found that parameters like E-coli, coliform, salinity, turbidity, NH 3 N, and BOD were in the category of polluted conditions, while several parameters like EC, TSS, DS, COD, and DO were only slightly polluted. Other parameters remained as clean in Malacca River. Therefore, principal component analysis (PCA) was used to identify the source of pollutants that contributed to the pollution in Malacca River. As shown in Table 5 , 7 PCs were obtained with eigenvalues more than 1, with 65% of total variance. The PC1 loadings with 14.7% of total variance have strong positive loadings on DS, EC, salinity and NH 3 N. Physico-chemical parameters like DS, EC and salinity may be related to the erosion of riverbank due to dredging activities in the river and agricultural runoff from non-point source pollution (Juahir et al., 2011) . The results were coupled with the NH 3 N pollution together with salinity, highlighting the usage of pesticide for agricultural activities within oil palm and rubber plantations, and animal husbandry (chicken, cow, and goat) carried out within Malacca River basins. These activities contributed to the non-point sources of pollution that occured through surface runoff and water flows through the sub-basins before entering Malacca River. Additionally, PC2 loadings indicated a strong positive in terms of turbidity and TSS with total variance of 9.7%, which can be relate to interruption of human activities towards hydrologic modifications (such as dredging, water diversion, and channelization) that caused disruption in Malacca River (Daneshmand et al., 2011) . Other activities like discharge from urban developments through land clearing (USGS, 2010) and surface runoff leading to erosion of road edges (Iscen et On the other hand, PC3 loadings explained BOD loadings and COD loadings as moderately positive with 9.4% of total variance, which might be connected to anthropogenic activities and point source pollution like sewage treatment plants and industrial effluents (Juahir et al., 2011) . Meanwhile, PC4 explaining E-coli loadings, coliform loadings, and pH loadings showed a moderate positive with 8.9% of total variance. The presence of E-coli and coliform indicated that animal husbandry, sewage treatment plant, and municipal wastes contributed to point source pollution in the river. This situation has caused the river water to absorb a large amount of oxygen and hence decreases the availability of DO, which indirectly underwent the anaerobic fermentation processes to produce ammonia and organic acid (Juahir et al., 2011) . Consequently, acidic materials through hydrolysis have caused the water pH to decrease drastically. Next, PC5 explained moderate positive loadings on Zn and Fe with 8.4% of total variance. The Zn pollution can be linked to the large number of houses and building in the area that uses metallic roofs coated with Zn, which can mobilize into the atmosphere and waterways during acid rain or smog (Juahir et al., 2011) , while Fe pollution can be attributed to metal group originating from industrial effluents (Aris et al., 2013) . PC6 and PC7 loadings showed moderately positive Cr and Hg loadings having total variance of 7.4% and 6.4% respectively. Cr pollution can be linked to urban storm runoff (Juahir et al., 2011) , and Hg pollution were suspected to link with plastic and chemical industrial wastewater (Papaioannou et al., 2010) . Therefore, based on PCA analysis, 5 categories of pollutant sources were identified, namely agricultural activities, municipal and commercial residential activities, industrial activities, animal husbandry activities, as well as sewage treatment plant.
Classification of dominant pollutant sources
GIS Hotspot analysis was used to determine the dominant pollutant sources, which have been identified from PCA, namely agricultural, residential, industrial, and animal husbandry activities, as well as a sewage treatment plant, as shown in Figure 3 . As described previously, Z score was used to evaluate the statistical significance for the variable in hotspot analysis. High positive Z scores suggest the presence of a cluster of high values or hotspots, while high negative Z scores suggest the presence of a cluster of low value or cold spot. For agricultural activity, the variable produced a general Gstatistic of 0.0 and a Z score of 37.31, suggesting a spatial clustering of high value of 0.01 significant levels. Secondly, the residential variable has general G-statistic of 0.0 and a Z score of 74.72, with spatial clustering at a high value of 0.01 significant levels. Industrial variable indicated a general G-statistic of 0.0 and a Z score of 13.5 and suggested spatial clustering of high value of 0.01 significant levels., Animal husbandry activity showed general G-statistic of 0.0 with a Z score of -1.08, suggesting a spatial clustering of low values towards 0.10 significant levels. On the other hand, sewage treatment plant showed no value in general G-statistic and Z score, indicated that there are no significant level at the random value. Lastly, open space variable recorded a general G-statistic of 0.0 with a Z score of 28.73 indicating a high value of spatial clustering of 0.01 significant levels. All Z scores of selected variables were incorporated into GIS mapping to determine the dominant pollutant sources through hotspot analysis (Figure 3) Figure 3 (a) indicated the agricultural activities weighted concentration that concentrated in Kampung Tualang sub-basin (S5), which can be described as a hot spot area. The existence of a hot spot area in S5 sub-basin is due to the ease of access to water resources from Durian Tunggal Reservoirs. Indirectly, pesticide and chemical substances used for agricultural activities would enter surface runoff during the wet season. The water would flow into a nearby sub-basin before entering Malacca River. These processes contributed to the non-point source pollution. As shown in Figure 3 (b) residential activities shows that the high values are concentrated in Kampung Kelemak sub-basin (S1), Kampung Sungai Petai sub-basin (S2), Kampung Cheng sub-basin (S6), Kampung Batu Berendam sub-basin (S7), and a little bit at Kampung Tualang sub-basin (S5). There is also a highly weighted concentration located parallel to the Malacca River from S1 to S5. Only moderate values are shown along S6 to S9. Hence, residential activities showed that almost every sub basin is a hot spot area and hence it is a http://www. Next, hot spot areas from industrial activities (Figure 3 (c) ) have been detected in Kampung Panchor sub-basin (S3), Harmoni Belimbing Dalam sub-basin (S4), Kampung Tualang sub-basin (S5), and Kampung Batu Berendam sub-basin (S7). Hightechnology and estate industries are the main contributors to point source pollution due to the direct discharge into sub basins before flowing into the main river. It is compulsory for industrial wastes to undergo treatment before being release onto surface water or in a river; however, certain industries refused to do so in order to save cost and time. Hence, these action increases the potential of hot spot area to pollute Malacca River sub-basins. Animal husbandry activities (refer to Figure 3 (d) ) shows a moderate hot spot area at Kampung Tualang sub-basin (S5) and several hot spots are scattered in sampling 1 to sampling 4 sub-basin, while the sewage treatment plant has a moderate hot spot area between S5 and S6 while others are scattered in S1 sub-basin and S6 to S9 sub-basins, respectively. Since animal husbandries are highlighted within a S5 subbasin, this condition demonstrates that the activity is carried out in the area adjacent to Durian Tunggal Reservoirs as it is easier to obtain freshwater to feed the animals. However, unmanageable cleanliness within the farms led to animal feces flowing into the river through surface run-off, which contributed to the non-point source pollution. Sewage treatment plants that are scattered in downstream area can be clarified as low impact in terms of pollution in Malacca River, but they have a high chance to cause pollution if there is a malfunction that may lead to leakage (Figure 3(e) ).
The open space variable shows a high value at Kampung Tualang sub-basin (S5) to act as a hot spot area, while moderate values were detected in S1 sub-basin and S6 to S8 sub-basins as shown in Figure 3 Department of Environmental (DOE), Department of Irrigation and Drainage (JPS) and other departments that concerns with river water quality to build a monitoring system so that easi and frequent monitor of the water status could be done. At the same time, researchers and academicians may take the opportunity to develop studies on river water quality perspectives for a better environment.
Conclusion
This study has proven that PCA and GIS are remarkable and useful tools to discover the influential factors involved in Malacca River water quality. This study also revealed that sampling station 5 located in Kampung Tualang sub basin is considered to be the main area to cause pollution to the river through the dominant sources of pollutant from the agricultural, residential, industrial activities, and animal husbandry. Continuous exposure to pollutant sources concentration could pose a serious threat to the river's ecosystem in the present and future timeframe. Frequent assessment and monitoring is crucial for the continuous protection of Malacca River ecosystem. Therefore, this study does not only suggest the reduction of river water pollution by means of controlling the pollutant sources, but also by providing information which identifies the problematic areas for better management and understanding of the river water quality in the future. The study also provides a spatial database through GIS mapping for future reference for the development of proper land use and urban design procedures.
